Ionic conductivity and capacitance measurements are widely used methods for evaluating the desalination efficiency in capacity deionization processes. In this study, these methods are revised and several problems associated to them identified and evaluated. Furthermore, a new method based on the determination of the chloride ion concentration by means of a chloride selective electrode is proposed as a more reliable alternative for evaluating the desalination performance in these systems. This method has been shown not only to be precise in a wide range of salt concentrations but also to be independent of pH, one of the main limitations of the determinations based on ionic conductivity measurements.
Introduction
In recent years the increase of the world population, the overexploitation of natural resources, industrial development and pollution have given rise to a serious water scarcity problem [1] .
Moreover, climate change and the increasing desertification of large areas of land have turned water into a luxury product [2] . In this context the desalination (or salt removal) of sea water or brackish water has emerged as an important alternative to deal with the problem of water shortage. Although several methods such as reverse osmosis, electro-dialysis and distillation are commonly used for salt removal, capacitive deionization technology (CDI) has attracted interest recently as a promising and more energy efficient procedure [3] .
CDI is an electrochemically controlled method for removing salt from aqueous solutions [4] . It takes advantage of the ions adsorbed into the electrical double layer region at the electrodesolution interface when the electrode is electrically charged by an external power supply.
During this step (polarization), the anions are electroadsorbed into the anode (electrode of positive polarity) and the cations into the cathode (electrode of negative polarity), as a result of which the concentration of ions in the initial saline/salty solution is reduced. Then, in the depolarization step, the cell voltage is reduced, reversed or shorted and the previously stored ions are released into a waste water solution ( Figure 1 ). The configuration of these devices, which is similar to that of electrochemical double layer capacitors, allows the energy from the depolarization step to be used in the next polarization cycle. As a result, the overall process of desalination is less expensive in terms of energy consumption [5] .
Most of the research in this field has been focused on the search for electrode materials with suitable properties, such as high specific surface area, good chemical stability, suitable pore size distribution, high electrical conductivity and good wettability [6] . In this context, the performance of several carbon materials, such as activated carbons [7] , aerogels [8] , nanotubes [9] , fibers [10] , ordered porous materials from templates [4] and most recently graphene and their composites [11, 12] has been investigated. Of these, activated carbons (ACs) seem to be the most promising for use as CDI electrode materials, mainly due to their high specific surface area, low cost and easy scalability [5] .
Despite of the increasing interest in desalination by means of CDI, the methods used for evaluating the desalination efficiency need to be revised. The most widely used method to estimate ion retention capability is based on ionic conductivity (σ) measurements of the treated water [13] [14] [15] [16] , which allows the progress of the CDI experiment to be continuously controlled.
A linear relationship between the ionic conductivity measured and the concentration of salty ions in the corresponding solution is assumed, and the desalination efficiency (R) is calculated from the difference between ionic conductivity before and after the polarization step. However, the σ values and, consequently, the desalination performance evaluation can be influenced by variations in pH of the solution, which are commonly observed during the polarization/depolarization steps [17] [18] [19] .
Capacitance values are also widely used to estimate the salt retention capability of different samples, the capacitances measured being assigned to the double layer formation and that, to the ion retention capability of the material under study [9, 15, 20] . But, contrary to what occurs when using the conductivity method, the capacitance values do not correspond to measurements performed directly on the treated water but to indirect measurements that may not be directly related to the salt retention capability of the sample.
In the present study, these widely used methods for the evaluation of the desalination efficiency of a CDI device with activated carbons as active electrode materials (capacitance and conductivity measurements), are investigated and the problems associated with them are discussed. Furthermore, a new method based on the determination of the chloride ion concentration by means of a chloride selective electrode (CSE) is proposed as a more reliable alternative for evaluating the desalination performance in these systems.
Active electrode materials
Two activated carbons, A and N, were selected as active materials for the fabrication of the CDI electrodes. Both of them were previously tested as electrode materials for supercapacitors and their ability to form the electrical double layer had been demonstrated [21] . A was obtained in our lab by chemical activation of a mesophase pitch with KOH [22] . N (Norit DLC Super 50 -Nederland BV) is a commercial activated carbon obtained by physical activation of natural precursors with steam. Both samples were characterized in terms of their textural properties (pore volume, BET surface area, microporous surface area, and microporous volume) and oxygen content (elemental analysis) [21] .
Electrode preparation and laboratory bench-scale CDI unit
Two carbon pastes (AP and NP) were initially prepared in an agate mortar by thoroughly mixing optimized amounts of the activated carbons (1 g of A or N, respectively), polyvinylidene fluoride (PVDF, Sigma Aldrich) as binder (5% for A and 10% for N) and dimethylacetamide (DMAC, Sigma Aldrich) as solvent (5-8 mL). The textural properties of the pastes were also determined following the same procedures as for the activated carbons.
Films of the as-prepared pastes were deposited by tape casting [23] on one side of square graphite plates (Schunk Ibérica, SA) which would then act as current collectors. The resulting electrodes (AP and NP) had a thickness of 200 μm, a geometric surface area of 100 cm 2 and an average active material content of 0.35 and 0.30 g respectively (depending on the corresponding paste composition). Finally, the electrodes were dried in a vacuum oven at 40 ºC to remove any excess of solvent. Prior to their use in the experiments, all the electrodes were immersed in a 0.1M NaCl solution, for at least 24h, for equilibrium to be reached after physical adsorption of the salty ions [24] .
The experiments were carried out in a flow-by device ( Figure 2 ) in single-pass mode [25] . The different electrochemical studies were performed by coupling the CDI unit to an external power supply (DC current, Biologic VMP Multichannel Potentiostat).
Capacitance measurements
The desalination efficiencies were estimated first from the capacitance values. Capacitance measurements were performed in the CDI unit operating in static mode (14 mL of NaCl solution). Galvanostatic charge/discharge tests were carried out by applying a constant current density of 0.25 mAcm -2 in a voltage range of 0.0-1.2 V. The cell capacitance (C) was calculated from the discharge voltage profile by means of Equation (1) [26] .
where I is the discharge current (A), Δt is the discharge time (s) and ΔV is the voltage difference (V) omitting the ohmic drop (See Supplementary data for electrode capacitance values).
From the C values, the theoretical desalination efficiencies of the corresponding CDI devices (R c , Table 2 ) were calculated by applying Equation (2)
where V is the cell voltage applied (V), M w is the molecular weight of NaCl (58.489 g mol -1 ), F is Faraday´s constant (96.485 C mol -1 ) and m t is the total weight of the active material in the two electrodes which make up the device (without the binder).
Desalination experiments
The salt-removal experiments were carried out in a two-step chronoamperometric procedure. As the first step (polarization) a voltage (ΔV) of 1.2 V was applied for 1 min between the two electrodes in order to electroadsorb the salty ions from the feed water introduced into the cell.
Then, the treated water was removed and replaced by the same volume of a fresh 0.1M NaCl solution (waste water) while maintaining the polarization of the electrodes. Finally, in the second step (depolarization), the two electrodes were shorted (10 min) by putting them into electrical contact to desorb the previously removed ions.
Prior to the evaluation of the desalination efficiency of both types of CDI electrodes (AP and NP), 10 polarization/depolarization cycles were performed in the corresponding device to ensure that they had reached dynamic equilibrium [25] .
Evaluation of desalination efficiency
The desalination efficiency (R) of the CDI electrodes under study was evaluated from the differences in concentration between the initial salty solutions and the treated water samples by means of Equation (3)
where X 0 and X are the initial and final NaCl concentrations respectively (mol L -1 ), M w is the molecular weight of NaCl (58.485 g mol -1 ), v is the volume of the water solution introduced into the CDI device (0.014 L) and m t is the total mass of active material in the device. X 0 and X were calculated from either the ionic conductivity of the solutions (σ) or the chloride ions concentration (Cl -), as described in the next sections, to yield (R σ ) or (R Cl -), respectively.
Ionic conductivity measurements
The σ values of the solutions were directly measured using a conductivity sensor (InLab 730,
Mettler-Toledo) coupled to a conductimeter (Seven Multi, Metter Toledo). The results obtained were related to the NaCl concentrations (X NaCl ) by means of a calibration curve (See Figure S1 , Supplementary data).
Chloride-ion concentration measurements
The Cl -concentration was measured using an ion selective electrode (PerfectIon Cl -, Metter
Toledo) which responds to the ionic activity of the chloride ions, i.e., it measures the number of effective ions in solution [27] . The directly measured electrode potential, E (V), is related to the activity of the ionic species by the Nernst equation (Eq. 4).
where, E 0 is a constant, R is the gas constant (J K -1 mol -1 ), T is the temperature (K), n is the number of moles of electrons transferred in the balanced equation, , F is the Faraday constant (C mol -1 ) and a is the ionic activity. As the ionic activity and the ionic concentration can differ in concentrated solutions such as those used in our experiments [28] ,direct determination of the Cl -concentration was not possible. Therefore, an incremental method was selected and optimized for this study. Particularly, the determination of the Cl -concentration was performed by a sample-addition method [29] [30] . This determination does not require a previous calibration step but only the verification of the correct electrode operation. For this purpose, the slope of the CSE (S), which is defined as the change in millivolts observed with every tenfold change in the Cl -concentration, was measured. Thus, 1 mL of a 0.1 M NaCl standard solution and 2 mL of ionic strength adjusting buffer (ISAB) was added to 100 mL of distilled water and the corresponding potential value (E 0 ) was determined. Then, 10 mL of the same NaCl standard solution was added and the potential was measured again (E f ). The difference between the two potential values measured is related to the slope of the electrode, which needs to be in the range of 54-60 mV/magnitude order.
To determine chloride ion concentration in either the feed or treated water, first the Cl -selective electrode was immersed in a known volume of a NaCl standard solution, whose ionic strength and pH were adjusted by the addition of a saturated NaNO 3 solution (PerfectION TM , ISA Solid
State, Mettler Toledo) as ISAB. Then, an aliquot of the tested sample was added. The Cl -concentration was determined from the changes in the potential values measured before and after the addition, by means of Equation (5) [31] .
where X is the chloride concentration in the sample tested, X st is the chloride concentration of the standard solution, v is the volume of the tested sample, v st is the volume of the standard solution, v' is the final volume (v+v st ), ΔE is the potential difference and S is the slope of the electrode.
pH measurements
The pH of all the solutions was also determined by means of a pH meter (Seven Easy, MettlerToledo).
Validation of the methodology proposed
As mentioned above, the determination of Cl -concentration using the incremental method described previously does not require calibration. In this particular case, the concentration range in which the method can be reliably applied depends exclusively on the concentration of the standard solution used during the determination. That is to say, when a 0.01M NaCl standard solution is used the samples need to be in the range of 0.05M -5.0M, while for a 0.001M NaCl standard solution the concentration interval is 0.005 -0.05M. In this way, the operational range can be quickly adapted by selecting an adequate NaCl standard solution.
Furthermore, the NaCl concentration of the standard solutions used in the elaboration of the calibration curve for the ionic conductivity measurements was also determined for purposes of comparison (See Figure S2 , Supplementary data).
To evaluate the preciseness of this method, NaCl solutions of different concentrations (0.005-0.5 M) were prepared. Five measurements were performed for each solution.
Finally, the influence of changes in the pH values on the measurements was evaluated. For this purpose, several 0.1 M NaCl solutions with different pH values (by the addition of small volumes of NaOH or HCl solutions) were prepared. It is important to remark that the volume of the basic or acid solutions added to change the pH values was small enough to ensure that that the ionic strength of the solutions remained constant. The samples were evaluated from both the conductivity and chloride concentration measurements to identify the most reliable method of evaluating desalination performance.
Results and discussion

Characterization of active electrode materials
The activated carbons used as active electrode materials, A and N, have different textural characteristics (Table 1) . Although both of them are mainly microporous carbons, in A the total pore volume and the BET surface area are significantly higher, as is the oxygen content. After the preparation of the corresponding pastes for the electrodes, the textural differences were maintained, both of them showing a significant reduction in their microporous volume and, consequently, in their BET surface area [32] . In the view of the textural characteristics of the electrode pastes, it was expected that they would behave rather differently when used for the retention of ions from salty solutions.
Evaluation of the desalination efficiency
The desalination efficiency of the electrodes under study was evaluated using the three different methods described in the experimental section: capacitance, ionic conductivity and chloride ion concentration measurements. The values of salt retention capability obtained by each method are presented in Table 2 , with significant discrepancies between them. It is important to remark that, in the case of the capacitance measurements, the experiments were performed in static mode, in which the salty water was not removed from the CDI device (see Section 2.3). In the other two cases, the measurements were performed on the solution extracted from the device during the desalination experiments.
As stated in the introduction, many authors have used the ability of a carbon to form the electrical double layer in a capacitor as an indication of the performance of this carbon in a CDI process [7, 9, 15] , by correlating the specific capacitance of the electrodes with the amount of salt retained [20] . Table 2 shows the cell capacitances for the electrodes prepared with both materials. As expected in the view of their textural differences, AP has a significantly higher capacitance than NP (15 vs 9 F, respectively). The values of capacitance can be easily transformed into salt retention by simply applying the Faraday law (see experimental section).
This yielded retention values of 31 mg of salt per gram for carbon A and 21mg/g for carbon N.
Nonetheless, there are several considerations that need to be taken into account. The first one is the different methodology of the capacitance measurement with respect to desalination process.
As stated before, the first one was a static method where no measurements were performed on the treated water, while in the desalinization experiments measurements were performed directly on the treated water removed from the device.
Furthermore, the retention capabilities were estimated assuming that the capacitance measured corresponds to the double layer formation, with ions moving from the bulk of the solution to the opposite charged electrode interface. However, in reality the system is more complex. It is not necessary that the electrolyte ions to migrate long distances in order to form the double layer. In the case of the ionic conductivity measured in the treated solution, the retention values obtained for the carbons under study are significantly lower than those obtained from the capacitance measurements (Table 2) . Moreover, the removal efficiency observed for sample AP is almost negligible and even lower than that obtained for NP, which clearly contradicts the results expected from their textural properties and their performance as a capacitor.
Several tests were performed in order to investigate the reasons for these unexpected results. It was found that the pH of the treated water, removed from the cell to measure the ionic conductivity, varied significantly. These changes were more significant for the cell with AP electrodes, in which the pH changed from the original value of ≈ 6 to ≈ 3 ( Table 2 ). In the case of the electrodes prepared with carbon N, changes in pH were also observed but to a lesser extent (the pH increased up to ≈8). These changes in pH can be attributed to chemical reactions involving the oxygenated functional groups present in the activated carbons [21] (see Supplementary data for additional details).
Independently of the phenomena that provoke these pH changes, the variations observed are relevant for the determination of the desalination efficiencies, as they imply changes in conductivity. This is clearly demonstrated by the results shown in Table 3 . The conductivities of 0.1 M NaCl standard solutions with different pH varied significantly, by as much as 4 % variation in the molar concentrations calculated from these measurements. As a consequence, these σ values are not suitable for accurately evaluating the desalination efficiency when pH changes occur.
The results discussed above make it clear that a new methodology is needed to monitor the desalinization process. We propose the direct measurement of chloride ions using a selective electrode. The results obtained for both carbons are shown in Table 2 . A and N, show a similar capability to remove salt from the solution. As explained above the amount of salt removed cannot be directly correlated with the textural properties, as the carbon pores are already filled with salt. The essential point is to demonstrate that direct determination of chloride ions is a reliable method and that it is independent of other factors such as pH variations.
Validation of the methodology proposed
As explained in the experimental section, the determination of the Cl -concentration using the incremental method does not require calibration, which simplifies the measurement procedure.
In addition the detection limit depends on the sensitiveness of the electrode and the standard solution employed for the determination. An adequate selection of these two conditions would allow the method to be adapted to samples of different concentrations. The studies carried out with solutions of different concentrations (Table 4) show that this method is precise in concentration ranges relevant for desalination, with relative standard deviation values of 0.3-0.6 %.
Once the precision of the CSE has been demonstrated, it is necessary to investigate whether the measurements are influenced by pH. 
Conclusions
It has been clearly evidenced that capacitance and ionic conductivity measurements are not always suitable for evaluating the efficiency of the desalination process. The changes in pH during the polarization of the CDI cell need to be evaluated and, when these changes occur, ionic conductivity cannot be used to assess the changes in salt concentration. The use of a chloride selective electrode to determine the salt concentration in CDI has been shown not only to be precise in a wide range of concentrations but also to be independent of pH. In short this appears to be a simple and reliable alternative for monitoring the CDI process. 0.4998 0.04 0.6 X NaCl = NaCl concentration of standard solutions; X NaCl,Cl -= NaCl concentration determined by using a CSE and a sample addition method; e (%) = relative error; RSD (%) = relative standard deviation values. 
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Cell capacitance values (C) and corresponding desalination efficiencies (R c ) for both types of electrodes are shown in Table S1 . For purposes of comparison with results summarized in the literature, Table S1 also shows electrode capacitance (C el ) expressed as specific electrode capacitance (C sp,el ). These values have been calculated from the discharge profiles of the GCPLs experiments by means of the following equation Ionic conductivity measurements: Figure S1 show the ionic conductivity calibration curve, which can be adjusted to the equation: Determination of the chloride ions concentration by means of a CSE: Figure S2 shows the relation between ∆E and NaCl concentration (X NaCl ) of the standard solutions determined for triplicate. 
Experiments performed to study pH variations during desalination
A salt solution with a pH of 5.5 was introduced in the desalinization cell and subjected to polarization-depolarization cycles of in the same conditions as those used in the desalination experiments but without removing water from the cell. The pH was measured after each polarization and depolarization step. Figure S3 shows the results obtained for each carbon electrode. The pH variations observed can be assigned to secondary reactions occurring on the electrodes. Nevertheless, the reversibility of the pH values observed in Figure S3 
